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CHARACTERISTICS OF LOW-ASPECT-RATIO WINGS AT SUPERCRITICAL AIACH NUMBERS

BY JOHN STACKand W. F. LINDSEY

SUMMARY

!f’%e separation of the jkw orer wing8 preci~”tated by the
comprewn-on shock that form~ a8 speed~ are increaeed into the
%upercritical Mach number range has imposed seriou8 difimdtie8
in the improvement of aircrafi performance. ~ese dificu[tie8
arise prinm”pally as a consequence of the rapid drag rise and
the 1o88 of lift that cause8 8eriows stability change8 when the
wing shock-staik. Farorable reliering e~e.ct8 due to the three-
dimens-ional$ow around the tips were obtained and the8e eJect8
were of such magnitude that it is indicated that low-aspect-
rat io m“ngs ciier a po88ib[e mlution of the problems encountered.

INTRODUCTION

Flight at supereritical Mach numbers has appeared cxY-
tremely dii%cult because of rapid drag increase and marked
stability and control changes. The change in stability has
been found in many instances to be so great as to cause Ioss
of normaI control of the aircraft. Serious buffeting of the
tail usually accompanies these ad-rerse stability changes.

The adverse effects are shown in reference 1 and elsewhere
to be directly connected with a change of flow over the
wing. This change of flow ia precipitated by the formation
of an essentially nornd shock, which produces separation
of the flow over the wing. The separated flow, as now seems
clear, was indicated in reference 2 to be an outstanding
contributing cause of the drag rise. The stability change
encountered with airpIanes is IargeIy a consequence of either
or both the change in mgIe of zero lift of the wing or the
change in lift-curve slope of the wing -when the separated
fiow occurs. Elimination of the separated flow could be
expected to alleviate to a large extent the difficulties
encountered.

Ekninat ion of the separated flow could possibly be accom-
plished by boundary-Iayer controI, though e-xperimentsmade
thus far indicate alleviation, but not elimination, of the
separated condition. Other dii%culties both aerodynamic
and structural are, hovre-rer, encountered. Because it
appears clear that the normal-shock phenomenon produces
the separation of the HOW,some modifkation to reduce the
shock Iosses could be expected to contribute markedly
toward solution of the present difficulties.

Unpublished results of experimental investigations of the
flow around simulated propeller tips in the Langley n-inch
and 24-inch high-speed tunneIs showed marked deky and.
alleviation in the adverse effects at supercritical Mach
numbers as compared tith results obtained in tm-o-
dimensiomd flows. It was likewise shown that the shocks

formed at and near the tips were not nornd to the stream.
These results are substantiated by the work of reference 3
performed on actuaI rotating propeIIem. These results sug-

gest. the existence of marked three-dimensional reIieving
effects at tip sections of wings or propellers. Tllnga of low
aspect ratio ccndd therefore be expected to undergo much
less ad-re~e effects at supercritical Mach numbers than
wings of present conventional aspect ratios.

Considerations of thr effects of aspect-ratio reduction
indicate that other effects may be expected. Thus, the
slope of the M cwme is determined by the infinite aspect
ratio or section characteristics plus the induced effects. If
the induced angIe, as with a low-aspect-ratio ting, is large,
a given change in section characteristics should prOQUCC

smaller relative change in lift-curve slope than would occur --
with a wing of moderate or high aspect ratio for which the
induced angle is smalI. Further, reduction of wing aspect
ratio through increasing the downmsh angle at the tail
reduces the stabiking effect of the td untiI finaIly a vaIue
of aspect ratio is reached for which the geometrical and the
downwash angles t-we appro.timately equal. When this
condition is reached, changes in the flow over the tail as a
result of changes in -wing characteristics may not pro~uce
Iarge changes in stability. The stability wilI then depend
primariIy on the wing characteristics.

As a consequence of the foregoing considerateions, experi-
ments were conduct ed in 1944 in the LangIey 24-inch high-
apeed tunneI to study the characteristics of lo-iv-aspect-ratio
wings at supercritical Mach numbers. The experiments
reported herein com=istedof tests of wings of aspect ratios
A ranging from co to 2. AU the wings were of NACA 0012
section. The tips were cut square, each aspect ratio being
obtained by progressi~ely cutt~m the tips off the origkud
wing. The speed range e----tendedto Mnch numbers ex-
ceeding 0.9.

APPARATUS AXD TESTS

The in-restigation was conducted in the Langley 24-inch
high-speed tunnel, which is a nonreturn induction-type tu&eI
(reference 2). The induction nozzle, Iocated downstream
from the test section, induces the air to flow from the atmos-
phere throu@ the tunneI. The length of air passage from
the region of low-velocity air at the entrance section to the
test section is smalI, approsimat eIy 4 feet @g. 1). The-
absence of a return passage, the short entrance length, and
the strong favorabIe pressure gradient aIong most of the .
entrance length provide a very thin bounda~ Iayer along
the walls of the test section.
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FIGURE l.—Ian@ey 24-Inch high-spad tunnel. Sckmatic diEgraro HIustratingtunne
shapeand models.

The test section, originally circular (24-in. diameter), had
been modified prior to the present investigation by the
irdahtion of flats on the tunneI walls. These flats reduced
the width of the tunnel at the test section from 24 inches
to 18 inches and changed the shape of the test section from
circular to one more nearly approaching rect.a.ngnlar. The
cross scctiou of the tunnel at the model loc~tion is shown
in figure 1.

Tile model for the infinite-aspect-ratio tests completely
spanned the test section and passed through end plates
fitted into the flat walls of the tumel, The end plates,
which accurately preserved the contours of the tunnel wall
at the intersection of the tunnel wall and the model, provided
clearances between model and tunnel wall and thereby
permitted the forces acting on the model to be transmitted
to and recorded by a 3-component btda.nce to which the
ends of. the model were attached (fig. 2).

The models for tests of finito aspect ratios were installed
and supported in the same manner as for tests of infinite
aspect ratios except that tbe models extended one semispa.n
into the air stream from the tunnel vraI1. This type of
installation i.. satisfactory because the boundary layer on the
tunnel wrdl, as previously discussed, is very thin. For the
tests of wings having aspect ratios of 5 or lW, two semiapans,
one from each wail, were installed for the purpose of doubIing
the magnitude of the forces to be measured by the standard
Ma.nce of this tunnel, which was designed for larger force
ranges than those encountered in these tests. For the viings
of aspect ratios 5 and 7, tests were made with one and two
semispan models mounted in the tunnel. The results of
tds made with both one and two semispa.nsmounted in
the tunnel were in close agreement even without the tunnel-
walI corrections.

Lift, drag, and pitching moment were measured on wings
having rectangular plan forms and zero. twist. The aspect

(a) Ow-aU v[ew with access door remnwd, showing modd lruhthtion,

(b) Downstream view with modeI In place.

FIOURE 2.—Model mounting In M scctbn of Iangky 24-inch high.qnwd tuunrl. AUWCt
ratio, U twscdwm brsttdlat[on,

ratios of tho wings tested were co, 9, 7, 5, 3, and 2. AH
the wings were of the NTACA0012 profllc and had chords
of 2 inchw. Tests were made at tingles of attack from
0° to 6° and at Mach numbers bctwwm 0.5 and llic Lunncl

choked condition, that is, the maximum h[ar!h nuJn}Jc!r
obtainable for a given nlodcl-tunnel combination. The
Reynolds number range corresponding to this Mach number
range is-from 5.3 X 10s to 7.6 X 105.

The various factors affurting tlw urcuracy of lh~~c datti
may, in geueraI, be divided into hvo classes: accidcnhd
errors and systemat,icerrors.

The accidental errors arose from inticcuracics in the
calibrations of Wc Mumc and the st.atic-prwsurc orifices
and from design limitations on th~! mtiximum sc!u+itivi~y
of the balance. The maximum sensitivity tippmrs to bc tllu
primary source of accidental wrors imd is a mriximum for
the small-area wing of aspect ratio 2 at low X[ach numbers,
At a Mach number of 0.50 for the wing of aspcvt rtitio 2,
the accidental errors in coefficients appmr LO IN of tho
following order:

Wing l~t co&cient, C~.._--------_._------- _- &O.008
?Ting d~ag coefficient, CD---------------------- +0.0010
W~ pitching-moment coefficient, C’m,4.--- ----- & 0.010
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The systematic errors arose from end interference and
tumeI-walI interference. The data have been corrected for
end interference resulting from the small leakage tbro@h
the clearance gap at the juncture of the model and the tunneI
waII by corrections determined experimentally (reference 4).
With the wings of low aspect ratio, a large part of the whole
span is affected by the gap leakage, and the effects of the
Ieakage are therefore expected to be relatively greater. It
is believed that the drag coefEcients for the lo-iv-aspect-ratio
wings are higher and the IifWurve sIopes are lower than
wouId be found in the absence of leakage. These eftects
are being stuclied e.sperimentally in the LangIey 24-inch
high-peed tunnel.

Tunnel-wail interference has been investigated theoreti-
cally (reference 5) and the e.sisteuce of constriction c&&
in l@h-speed tunnels has been shown experimentally (refer-
ences 6 and 7). The theoretically derived corrections,
however, have not been experimentally vefied at super-
mitical Mach numbers. The errors indicated theoretically
by the method of reference 5 increase as model size, Mach
number, drag coefficient, and lift coefficient increase. The
theoretically indicated errors for the infinite-aspect-ratio
wing at an angle of attack of 6° and a Mach number .31
of 0.84 me:

Corrected M = M X 1.014
Corrected C. = CL X O.9S2
Corrected C. = C. X O.9S0

These valu~ indicate that the effect of tunr&waLI inter.
ference on these data is small, 2 percent or less, and therefore
no correction has been applied.

The choking phenomenon is an additional factor that
enters into the problem of testing at high Mach numb em.
At the choked hlach number sonic velocities extend from
mochd to tunnel wall and the static pressure is lower behind
the model than it is ahead; thus large gradients in the
pressure are produced (reference 7). The resulting flow
past the model is unIike any free-air condition. Data
obtained at the choked Mach number are therefore of ques-
tionable vaIue and me not presented herein.

RESULTS

The basic reeds are presented in figures 3 to 5. Figure 3
shows the lift coefficient CL plotted against the angIe of
attack a for each of nine vaIues of the Mach number from
0.5 to O.9. Sirdarly, the drag results are shown by poIar
dia.-ins in figure 4. The moment coefllcients are given in
figure 5 plotted against Iift coefficient for si~ dues of the
Mach number in the range from 0.5 to 0.9. The minimum
drag coefEcients for the various aspect ratios are shovm in
figure 6. All the results are for the actuaI aspect ratios
tested and are not corrected to infinite aspect ratio. Thus,
the induced effects are included. Since the wings of higher
aspect ratio have the Iower choking Mach numbers, data
for these wings are presented for somewhat lower Mach
uumbers than the data for the Iovrer aspect mtios. As
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noted previously, no data at the choked condition are pre-
sented. The highest Mach number for which data am
presented for each wing is approximately O.025 less than the
corresponding choking Mach number.
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wctfotu mcwnm.der phn form end tip.

DISCUSSION

Figures 3 and 4 show a most pronounced change in finite
wing characteristics as the criticaI Mach number of the
sections, approximateeIy O.72 for the LTACA 0012 sections
used herein, is exceeded. For conventioncd and higher aspect
ratios, the Iift cumes (fig. 3] show irregularities in sIope and
effectively discontinuous slope chang~ at supercritictd
speeds. These irregularities, which are the priuupQI cause
of the stabihty dficulties that have been encountered at
supercritical speed, appear first at the higher lift coefficients
encountered in the pull-out condition, but as the speed is
increased they occur at yrogreeshely levier lift coefficients
until finally irregularities occur in the low-Lift region mound
zero lift coefficient. For the higher-aspect-ratio wings tested
‘m the present investigation, the Iift-mme slope decreases
ahnost to zero in the Iovr angle-of-attack range at Mach
numbers between 0.85 and 0.875.

The low-aspect-ratio wings (aspect- ratios 2 and 3), how-
ever, show none of the characteristic lift-curve irregularitiw
at the high Mach numbers. The lift-curve S1OPWfor the
low-aspect-ratio wings also show relatively little change with
Mach number. The usual rise of lift-curve slope with Mach
number through the subcritical speed range is absent as is
the abrupt fail in slope at supercritical speeds. A pfirtkl

explanation for the absence of the increase of lift-curve slope
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with Mach number in the subcritical range is given by
considering the tlnite-wing characteristics to be composed of
the irdinite-wing or section characteristics and the induced
characteristics. The induced characteristics are determined
principally by the lift coficient and are, in first-order
approximation, independent of the Mach number. Hence,
when the induced characteristics are large, as for the low-
aspect-ratio w@, a given change in section characteristics
produces Iess relati~e change of lift-curve sIope than is
usually expected or obtained for wings of high or conventional
aspect ratios for which the induced characteristics are
relatively small.

The effects of aspect ratio on the drag characteristics as
shown by the polar diagrams (fig. 4) indicate very marked
departure from the usual low-speed characteristics when the
speeds are increased to supercritical values. The results
presented in figure 4, as previously noted, include the induced
drag. At the Iower speeds the low-aspect-ratio wings have
the highest drag, as couId be determined by theory. As
the criticaI speed of the basic section of the wings is exceeded,
however, the differences in drag diminish and the poIar
curves approach coincidence (@ 4 (d)). Tilth still further
increase of speed, the order of the variation of drag with
aspect ratioreverses; the low-aspect-ratio win~, even including
the induced drag as in figure 4, have markedly reduced drag as
compared with the high-aspect-rat io wings. This change in
characteristics is associated with dehiyed and Iess rapid rise
of drag as the aspect ratio is &creased. Both the delayed
fiag riseand the slowerrate of ~g rise are illustrated for
“the minimum drtg attitude (0° angle of attack and zero lift
for the s.ymmetricaIsection] in 6gure 6. The section critical
Mach number is given in the figure for comparison. For
the wings of aspect ratios 2 and 3, the Mach nwgber for
significant drag rise is approximately 0.1 higher than for
the infinite- or high-aspect-ratio wings and the initiaI rate
of drag rise is much less.

06 .—--— ——--
—- —:
—--— 3—-. -— 2 ;

I

i’

.04 I

CD
, ~j‘j /

,:t

.02

..- SJction cf%icd
. Mach nunber

o
.4 .6 .8 IA..-

Mach ntuaby, M

FIac!aE 6.–VorMon with Moth nmnber c4 the rnkdmam drag coeLTIcIentfor wfngs M varl-
Ons‘lqrect mum



68 REPORT 922—NATIONAL ADVISORY CO_EE FOR AERONAUTICS

The pitching-moment-coeflilcient. results, though not so
complet,o as the lift-coefficient rmd drag-coefficient data,
show changes as the speed is increased from subcritical to
supercritical values that are in general of the same character
as the lift-coefficient and drag-coeflkient changes. At sub-
critical Mach numbers the aspect ratio has but little influence
cm the values of the moment about. the wing quarter-chord
axis. The slope of the curve of moment against lift is
slightly positive, indicating that for the section used, the
aerodynamic center is slightly ahead of the wing quarter-
c.herd axis. For all Mach numbers up to 0.7, as indicated
by figures 5 (a) and 5 (b), the aspect ratio has but little
influence on the moment coefficient for a given lift coefficient,
Increase of Mach number up to the critical value causes,
in accordance with the known theories, a small increase in
the moment coefficient. When large supercritical values of
the Mach number are reached, however, drastic changes in
the wing quarter-chord moment coefficient are found for the
high-aspect-ratio wings. Abrupt changes in the variation of
the moment coefficient with the lift coefficient occur at very
low lift coefficients and at higher lift coefficients these curves
tend to give a stable slope as distinguished from the usual
unstable slope characteristics of low-speed data. This
change in moment characteristics has been shown previously
aud is due to the movement of the shock on the. wing.

Reduction of aspect ratio reclucee the changes in moment
coefficient, as is shown in figure 5 by the data for wings of
aspect ratios 2 and 3. The slope remains positive for aII
Mach numbers up to 0.9, and the change in moment coeffi-
cient from the values obtained at or near the wing-section
critical Mach number (0.72) as compared with the changes
for the wings of conventional aspect ratios is relatively
small up to the highest speeds investigated.

The over-all effects of reducing the aspect ratio on im-
proving the undesirable wing characteristics are very great.
The absence of irregularities in the lift curve, the indicated
freedom of the lift curve horn drastic slope changes, and the
similar effects for the wing moment curve indicate that the
serious stability changes which have occurred with conven-
tional aircraft when flown in the supercritical region may be.
alleviated in Inrge degree. Likewise the delayed drag rise
and t,ho less rapid rate of drag increase at the high super-
critical Mach numbers permit increased speed.

The improved superc.ritical-speedcharacteristics found for
the. low-aspect-ratio wings -wre a consequence of the three-
dimensional type of flow at the tip. Becatie “theeffects of
the flow at the tip are quite large, the tip shape is likely to
be of great importance. In the present experiments the tip
shape was mado square principally as a matter of conven-
ience in using an etisting model to investigate the over-all
effect. The square tip leads to large local velocities and at
low speeds is known to produce undesirable disturbances.
It is likely, therefore, that an appreciable improvement in
the low-aspect--ratio-wing characteristics may be obtained
by suitably shaping the tip. Large local velocities that

would occur over the forward rmd middle pnrt,sof 1hc t.ip
can led to hinge disturbances, probubly involving shock,
which might produce at least partJy scpnrntcd flows over
the rcnr part of the wing. General considerations of tbc
flow about the tip indieatc that a change of plnn form from _
the squaro type used in these illustrrttivc cxpmimcnts to
a tapered plan form giving reduced chord n1. the lip nml
a rounded or elliptical tip shape may produce furlhm ftivor- -
able effects. LAcw-ise, a thinner scc.tionof late criticnl Ifnch
number type can be cxpl!ctecl to May tlw onset of [IN drng
rise until much higher speeds. These experiments indicate
that the serious adverse. comprcasibifity ph~!norn(!nn,pml ic-
ularly as regards drag and lift, arc delnycd to Much numhwa
exceeding 0.9 by a low-nspcc~ratio wing of rcctungulnr p]tin
form with a conventional 12-percent-thick section. Uec of
n 10-percent-thick wing of IM,c-critical-spc(!d l.vpc WW, on

the basis of two-dimensional data for the wing sections,
give a further rise of 0.08 in the critical Ilach numlwr.
This change together with an improved tip shape find plnn
form appears to offer a new possibility of ovcrcomiug [Iw
existing problems of flight in tho hwnsonic sprrd raf)gc.

Though not spcrifically shown b.y the prwwnt rcwk, two
other -advantages me offered by the low-aspect-rn[io wing.
First, thin sections giving high critical spcrds m~y k uwxl
without the usually imposed comlition of inndcqua(c wing

depth for an efficient structure, and second, the spamvisc
center-of-premure shift in the supcrcritiml region will k
much reduced because of the short spmwisc kmgth.

CONCLUSIONS

The cletrimenttil cffer%s of comprmeibility in thr. supm-

critical speed range on the stnbility and performance of
aircraft. are alleviated to -wry grrat degree by k usc of
low-aspect-ratio lifting surfacw. Further consideration of
the advantages. of this typt’ of configuration is wnrrnntwl.
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